I. INTRODUCTION
New applications of low temperature detectors (LTDs) for the registration of electromagnetic radiation or particles are important because they usually demonstrate the superiority of LTDs over other solid state or gas detectors. A comprehensive review of the LTDs is presented in a book, 1 one chapter of which is devoted to the superconducting tunnel junction (STJ) detectors. 2 The application of STJs for radiation detection started from the registration of tunneling current pulses from Sn STJ bombarded by alpha particles. 3 The theory and applications of STJ detectors for photon detection have been considered by Friedrich. 4 The development of STJ detectors along with other types of LTDs gave an impulse to the development of nonequilibrium superconductivity and issues concerning the relaxation of excitations in superconducting materials used for the detector design. The idea of combining STJ with the Mössbauer spectroscopy came from the fact that Ta is the material of choice in modern STJ detectors and at the same time it almost entirely consists of the Mössbauer isotope 181 Ta. Taking this into account we put forward the idea of using a Ta absorber in the STJ detector in order to develop a resonance cryogenic detector for 181 Ta Mössbauer spectroscopy. 5 The coupling of STJ detectors with nuclear gamma resonance (NGR) spectroscopy may also be of interest in some other fields where the NGR can be applied.
Previously we demonstrated that it is possible to detect Fe K α and K β X-rays (6.40 and 7.06 keV) as well as 14.42 keV γ-rays from the 57 Co(Rh) Mössbauer source by means of a Nb based STJ detector. 6 In the present study we observed the Mössbauer effect in the scattering geometry with the 57 Co(Rh) Mössbauer source, RhFe scatterer and a Nb based STJ detector by registering electrons accompanying the NGR.
The main motivation for the development of X-ray detectors in the beginning of the STJ research was to obtain a high energy resolution, which however was not achieved experimentally. Later on, various aspects of X-ray registration by the STJ attracted closer attention. An X-ray detector operates as a detector of photoelectrons knocked out by an X-ray from the inner shells of absorber atoms (predominantly L-shell in the case of a Nb absorber and 5.89 keV Mn K α X-ray from the benchmark 55 Fe source). However, STJs have not been used for the registration of electrons impinging detector from outside as far as we know. The only case of this kind is Ref. 7 , where a small focused beam of 4 keV electrons in a low-temperature scanning electron microscope was used to simulate 6 keV X-rays in order to investigate the detector response non-uniformity over the detector surface. It is well known that the registration of the Mössbauer effect by secondary radiation (γ-, X-rays and conversion electrons) has certain advantages over the registration of primary radiation attenuation. These advantages are due to the possibility of obtaining a better signal to noise ratio and to probe different depths for different kinds of registered radiation. Various applications of the Mössbauer scattering techniques were thoroughly surveyed by Wagner. 8 More specifically, the conversion electron Mössbauer spectroscopy (CEMS) and its applications to surface layer analysis were considered in Ref. 9 . Our previous 6 and present studies show that the Nb based STJ detectors can be used (at least, in principle) for all kinds of secondary radiation in the Mössbauer spectroscopy with the 57 Fe isotope. The conversion coefficient of the 57 Fe Mössbauer transition is about nine. This means that there is an emission of nine electrons per one emitted Mössbauer γ-quantum, so it is preferable to register electrons; but at the same time this is more difficult due to the short absorption length of electrons in matter. So manipulations with electrons usually need high vacuum and electrostatic or magnetic optics. Energies and intensities of different radiations emitted in the de-excitation of the 57 Fe nucleus are shown in more detail in Table I . Intensities are indicated per one decay. From Table I it can be seen that besides X-and γ-rays we find four groups of electrons of different energies.
The first observation of the Mössbauer effect by conversion electrons was made in 1961 with a magnetic spectrometer. 11 Later, these studies resulted in the invention of the Mössbauer resonance counters. 12 Various applications of CEMS with different detectors but without LTDs were considered in the review. 13 We proposed some possible schemes of the STJ Mössbauer resonance detectors in Ref. 14. Consideration of these possibilities requires a knowledge of the depth range of electrons in detector materials and related issues. 15 However, resonance detectors are not used in the present study. The purpose of the present study is to observe the Mössbauer effect with the Nb-based STJ detector by registering the 57 Fe resonance electrons.
II. EXPERIMENTAL DETAILS
A silicon chip with five square-shaped detectors was attached with butyral phenolic glue to a copper substrate fastened by screws to the cold finger of the cryostat. The device was made at the Kotel'nikov Institute of Radio Engineering and Electronics of the Russian Academy of Sciences on the high-resistive Si substrate by using magnetron sputtering and photo lithography techniques. The photo and SEM images of the chip are shown in Figure 1 . The vertical structure of detectors is from the bottom to the top Ti/Nb/Al/AlO x /Al/Nb/NbN (layers thicknesses are 30/100/8/1/13/150/30 nm respectively, the role of each layer see in Refs. 6 and 16). The structure was made asymmetric deliberately in order to inactivate the bottom electrode by the Ti quasiparticle trap. It was done in order to decrease the collected charge from this electrode noticeably and to make use only of the signal from the top (active) electrode. There is a 100 nm of amorphous Al 2 O 3 buffer layer between the detectors and the silicon. Two detectors with the sides of 100 and 150 micrometers were used in the present study, the first one being closer to the scatterer than the latter. We used the chip which was applied earlier as an X-ray detector. Optimization of detector parameters for registration of electrons was not done.
The temperature was measured by a Ge resistance thermometer glued to the opposite side of the cold finger.
The Mössbauer source and the chip were placed perpendicularly to each other and the scatterer was placed at an angle of 45 degrees to both. The photo of the inner part of the experimental chamber and the sketch of experimental arrangement are shown in Figure the gamma-quanta from the source and straight arrows show the difference in the distance from the scatterer point to the smaller (1) and the bigger (2) detectors. The diameter of the source active spot was 8 mm, the activity was ∼20 mCi. The source, the scatterer and the detectors were in close vicinity to each other; all elements were in the static position.
Metallic Rh was the matrix for the 57 Co source. The same material was the main component for the alloy used as the scatterer, namely Rh 0.8 Fe 0.2 enriched by the 57 Fe isotope. This particular choice allowed us to observe the effect at zero relative velocity of the source and the scatterer. No shields or diaphragms for incidental or scattered radiation were used. Thus all the detectors on the chip were permanently illuminated by direct and scattered radiation.
The magnetic field necessary for detector operation was applied in the detector's plane along the square diagonal. It suppressed the Josephson current and ensured the operation of the STJ in single quasiparticle mode. It was produced by a superconducting solenoid wound on a brass cylinder frame forming the experimental chamber. The chamber was filled with gaseous helium at lowered pressure and immersed in a pumped glass helium cryostat with a minimal temperature of nearly 1.4 K which we previously used for the study of the STJ detectors. The upper flange of the chamber with the leak proof indium seal is seen in Figure 2 (a).
The magnetic moments of Fe in the Rh 0.8 Fe 0.2 alloy do not align ferromagnetically at low temperatures and thus do not add to the solenoid magnetic field, which would be detrimental to the detector's operation. The antiferromagnetic nature of magnetic ordering for a given Fe concentration in these alloys was known long ago from macroscopic measurements 17 and a specific type of antiferromagnetic ordering was established in a study by Parfenova et al. 18 using the Mössbauer effect. A piece of the ingot of rectangular form (5*5*4 mm 3 ) with the scattering plane at 45 degrees to the chip surface was fixed in a holder (see Figure 2) 1 mm from the smaller and 2 mm from the bigger detector. (All values are approximate).
Earlier, we carried out experiments with X-and γ-rays filling the experimental chamber with a helium gas at a pressure of p ∼0.3 bar at room temperature. This ensured a heat exchange, quick establishment of thermal equilibrium and a stable operation of the detectors. This quantity of helium is too high for experiments with electrons because they cannot reach the detectors without a significant loss of energy. (See estimations in section 3). For this reason, when carrying out experiments with electrons, we lowered the pressure of the heat exchange helium to the level which led to a moderate rise in temperature and a sufficient stability of the detectors operation.
Three kinds of experiments were carried out:
1. An X-ray detection experiment with the 55 Fe source: no scatterer; p ∼0.03 bar of heat exchange He. The tests of the detector's operation were carried out by measuring the current voltage characteristics (CVCs). In spectroscopic measurements, pulses from detectors were transmitted to a charge sensitive preamplifier at room temperature. Pulses after that could be fed into a digital oscilloscope or into an amplification path consisting of shaping and main amplifiers. Pulse height spectra from a multichannel analyzer and a series of pulses from the digital oscilloscope were recorded by a personal computer. All spectra were recorded with 13 min exposition in the magnetic field B=138 G.
The experimental equipment used in this study was essentially the same as in our previous investigations of the STJs as X-ray detectors. 5, 6, 16, 19 
III. ESTIMATIONS OF THE MAXIMUM ELECTRON RANGES
We consider the propagation of electrons in matter bearing in mind the ideas given in the textbook by Balashov 20 and developed by Lukyanov, 15 Kanaya and Okayama 21 and Bakaleynikov. 22 According to these ideas, electron beam penetration in matter can be divided into two stages. In
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the first stage, at a distance less than the isotropization length, the electron beam keeps its original direction despite energy loss. In the second stage, after the point of maximum dissipation of energy, the electrons in the beam "lose" their memory and their motion becomes diffusional. Here, the maximum electron range, R, may be considered as the sum of the isotropization length l and the radius r of the diffusion sphere: R = l + r. We calculated the maximum electron ranges R in a continuous-slowing-down approximation (CSDA), using the stopping power from the eSTAR NIST database 23 for the materials of our interest (Table II) . Similar results were obtained by calculating R according to the Kanaya-Okayama formulae 21 as given by Lukyanov in Ref. 15 . (The difference is less than 25 %). A considerable difference in the R value for helium and metals (more than two orders of magnitude) can be seen in the Table II . In metals l < r and in the first approximation R ≈ r. The situation for helium differs from that for metals: the isotropization length l is not short in comparison with the diffusion sphere radius r and cannot be neglected because now l is longer than r. The tendency of a fractional increase of l relative to r with a decrease in the atomic element number is clearly demonstrated in Ref. 21 (see Figure 14 ) and in Ref. 22 (Tables 1, 2, 3) .
From our experimental conditions (pressure of heat exchange He at room temperature p∼ 0.01 bar), we can estimate that the density of He is about 50 times less than that for saturated He vapor at T=1.4 K and we expect that the electron ranges should increase accordingly compared with the data from Table II . The electrons that have passed in helium the way less than R will transfer some of their energy to the detector and thus will be counted.
The maximum electron range in Be is more than two orders of magnitude less than the thickness of the Be window in the 57 Co radioactive source, so without doubt the conversion electrons do not escape from the source and cannot be registered by detectors.
The ranges for electrons of all energies in Nb exceed the thickness of the Nb absorber in the detector, so we expect to see rather peaks of partial but not full absorption. This disadvantage can be eliminated by optimizing the layer thicknesses of the detector.
The ranges in Rh for all electron energies do not exceed 1 micrometer. This is the depth limit for 57 Fe CEMS studies of Rh alloys. If we vary the thickness of the FeRh scatterer within this limit we will be able to change the relative contributions of X-ray fluorescence and conversion electrons to the detector signal.
IV. RESULTS
The current voltage curves measured before, between and after spectroscopic experiments revealed quite similar shapes in all three kinds of experiments and were identical to the CVCs measured in our previous experiments. 5, 6, 16 The first experiment demonstrated that cooling at lowered pressure was sufficient and the detectors operated properly. We observed good current voltage curves (supplemental Figure S1 24 ) and signals both of the active and inactivated electrodes in the pulse height spectrum ( Figure S2 24 ). For the active electrode, the full width at half maximum of the Mn K α line (5.89 keV) was less than 80 eV. (The contribution of electron noise was 60 eV, the intrinsic width was less than 60 eV). The signal (collected charge) of the inactivated electrode was nine times less than the active one. This allowed us to employ the region between these signals for a search for events in the active electrode. The temperature rise was not higher than 0.02 K compared with the temperature in our previous X-and γ-rays experiments, and the detector operation was sufficiently stable. So the pressure was lowered by a factor of three in the second and the third experiments.
A comparison of the results of the irradiation of the RhFe alloy and the pure Rh foil as seen by the smaller (100 µm) detector is shown in Figure 3(a) . For clarity, the pulse height spectrum in the case of RhFe was moved 400 counts upward relative to the Rh spectrum, and abscissa position of the most intensive peak was aligned. The spectrum in the case of Rh is the average of three measurements. The spectra were recorded at a T of about 1.4 K for detector bias near V b = 0.8 mV. These spectra and all the other spectra presented in this work, were cut off on the left hand side at the level of the signal of the inactivated electrode. The check experiment spectrum is composed of Fe K α and Fe K β lines and a low charge line from the inactivated electrode. The spectrum of the active electrode in the second experiment is composed of four rather than of two lines and a generator line G from a precise pulse height generator for charge calibration. We ascribe two additional lines in the spectrum (2,4 in Figure 3 (a) to the signal from the electrons produced due to the nuclear gamma-resonance in the scatterer. Of course, this was not a full Mössbauer experiment with a velocity scale; rather it was a one-point measurement, corresponding to zero velocity in the Mössbauer spectrum.
The results for the bigger (150 µm) detector are shown in Figure 3(b) . The abscissa position of the main peak was adjusted for coincidence. No pronounced peaks except Fe K α and Fe K β are observed. Besides, some line broadening and additional counts over the full spectrum in the RhFe alloy experiment can be seen. These spectra were recorded practically in the same conditions as previously. The spectrum in the case of Rh is also the average of three measurements.
Electron peaks for close-spaced 100 µm detector and absence of pronounced peaks for remote 150 µm detector should be noted.
The reproducibility of the results is illustrated in Figures 4(a) (nearby detector) and 4(b) (remote detector). Spectra recorded with a time interval of two hours for the 100 µm detector are shown by different symbols in Figure 4 (a). A good correspondence can be seen, as both spectra demonstrate electron peaks. The results for the more distant 150 µm detector also show good reproducibility in Figure 4 (b) where the symbols for the two subsequent experiments almost coincide. No sharp additional peaks are seen.
Our detectors are capable of registering 14.4 keV γ-line, not only Fe K α and Fe K β X-rays ( Figure S3 24 ).
V. DISCUSSION
First of all, a comparison of the second and the third experiments for the 100 µm detector clearly shows that we do observe NGR in the second experiment. The results for the two detectors separated by a distance of only 1 mm are quite different. We think that the reason for such a large difference is due to the character of electron proliferation in a low density He medium.
One can see the Fe K α and K β X-rays in all spectra shown in this paper. We cannot discriminate between the X-and γ-rays from the source and from the scatterer because no shields are used. We suppose that the two additional lines observed in our spectra overlapping with the lines of Fe K α and K β X-rays (Figure 3(a) ) are lines from the 7.3 keV K conversion electrons and 5.5 keV Auger electrons which lost part of their energies on the way from the scatterer to detectors in the heat exchange helium. We do not consider L and M conversion electrons because their intensity is substantially below that of K and Auger electrons. We believe that the overlapping of X-ray and electron lines is accidental and can be changed in future experiments with varied exchange gas pressure and distance from the scatterer to detectors.
We see two possible explanations of the results for the bigger 150 µm detector. The first one is that the resonant electrons which reach the remote 150 µm detector, deposit an even smaller part of their initial energy than in the case of the closer to the source 100 µm detector. Their lines can be almost in the same place as the X-ray lines. Overlapping of broader electron lines with more narrow X-ray lines can result in the broadening of the observed lines rather than in the emergence of extra peaks (Figure 3(b) ).
The second one is connected with the relative dimensions of detectors and the diffusion sphere. We consider every point of the scatterer as the origin of electron beams in all directions. If the electrons were in a vacuum, they would move along cylindrical helix lines with radii determined by the velocity component perpendicular to the field, and the pitch would be determined by a velocity component parallel to the field. In helium, every collision changes the velocity components, but in general the two-stage character of the electron motion does not change. When the detector encountes the electron beam in the first stage, it produces an absorption peak at the energy depending on the fraction of energy lost by the beam on the way from the scatterer to the detector. This seems to be the case for the first 100 µm detector. When the second stage of the electron beam motion is realized, a detector produces single counts corresponding to electrons of different energies, depending on the detector's position in the diffusion sphere. This is because the area of our detectors is significantly less than the cross section of the diffusion sphere when r ∼ 1 mm in helium. It is likely that this second stage can be realized for the 150 µm detector and explains the extra counts in the whole spectrum Figure 3(b) .
The efficiency of proportional counters for the 14.4 keV gamma line compared with that for the 6.4 keV X-ray is usually of the same order or several times less. The efficiency of our detector differs by an order of magnitude for these energies. Thus, the background from the 14.4 keV line is reduced accordingly. Furthermore, the background from the Compton scattering of the 14.4 keV gamma line is also small due to thinness of our detectors. These two examples show that a low efficiency of a thin film superconductor detector, which is usually considered to be a drawback, may play a positive role.
Considering possible future applications of our results, we see that they may be compared with the CEMS results which use specimens placed inside low temperature helium proportional counters. 25, 26 It can be seen directly from our spectra, that the electron line resolution of our detectors is of the same order as the X-ray line resolution, which far exceeds the resolving power of proportional counters. From this point of view, we expect that the STJ detectors have advantages over helium proportional counters for the CEMS.
We believe that our experimental assembly of a detector and a scatterer placed in chamber filled with gaseous helium in the presence of an applied magnetic field demonstrates the combination of properties appropriate for proportional counters with resonance absorbers and also for magnetic electron spectrometers. This allows considering possible applications of the STJ detectors for registering with moderate resolution any type of electrons (not only resonance ones). We think that the STJ detectors will find their place in the field of surface and thin film analysis, considered in the excellent book by Feldman and Mayer 27 written when the STJ detectors were in the early stage of their development.
VI. CONCLUSIONS
We applied a specially selected pair of the source 57 Co(Rh) and the RhFe scatterer to observe the Mössbauer effect at zero relative velocity. We believe that the results we obtained confirm the registration of resonant electrons, and thus the observation of the nuclear gamma resonance with the Nb STJ detector.
We demonstrated the detection of the resonant electrons, the 14,4 keV γ-line and the Fe K α and Fe K β X-rays with our detectors. It is thus possible to use the STJ detectors for registering the NGR for all kinds of radiation: resonant electrons, γ-rays and X-rays.
We considered the proliferation of electrons in helium, and proposed the reasons why the lines of resonant electrons were observed for the detector close to the scatterer but were smeared out for the detector only 1 mm further away.
Our result is just the first step in using the STJ detector for NGR research. The plan for future experiments is straightforward: it is necessary to vary gas pressure and scatterer-detector distances to check our explanation of the difference in the results for the two detectors. Then one should do a full-scale Mössbauer experiment to measure the velocity spectrum using another cryostat with windows transparent for the Mössbauer radiation. The radioactive source should be placed outside while the scatterer and detector should be inside the cryostat. We hope that experiments in this geometry using the STJ detectors may be applied for depth selective low-temperature Mössbauer spectroscopy.
